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Because  of  its  high  electron  deficiency,  initial  microbial  transformations  of  2,4,6-trinitrotoluene  (TNT)  are 
characterized  by  reductive  rather  than  oxidation  reactions.  The  reduction  of  the  nitro  groups  seems  to  be  the 
dominating  mechanism,  whereas  hydrogenation  of  the  aromatic  ring,  as  described  for  picric  acid,  appears  to 
be  of  minor  importance.  Thus,  two  bacterial  strains  enriched  with  TNT  as  a  sole  source  of  nitrogen  under 
aerobic  conditions,  a  gram-negative  strain  called  TNT-8  and  a  gram-positive  strain  called  TNT-32,  carried  out 
nitro-group  reduction.  In  contrast,  both  a  picric  acid-utilizing  Rhodococcus  erythropolis  strain,  HL  PM-1,  and 
a  4-nitrotoluene-utilizing  Mycobacterium  sp.  strain,  HL  4-NT-l,  possessed  reductive  enzyme  systems,  which 
catalyze  ring  hydrogenation,  i.e.,  the  addition  of  a  hydride  ion  to  the  aromatic  ring  of  TNT,  The  hydride- 
Meisenheimer  complex  thus  formed  (H“-TNT)  was  further  converted  to  a  yellow  metabolite,  which  by  elec¬ 
trospray  mass  and  nuclear  magnetic  resonance  spectral  analyses  was  established  as  the  protonated  dihydride- 
Meisenheimer  complex  of  TNT  (2H~-TNT),  Formation  of  hydride  complexes  could  not  be  identified  with  the 
TNT-enriched  strains  TNT-8  and  TNT-32,  or  with  Pseudomonas  sp.  clone  A  (2NT~),  for  which  such  a  mech¬ 
anism  has  been  proposed.  Correspondingly,  reductive  denitration  of  TNT  did  not  occur. 


2,4,6-Trinitrotoluene  (TNT)  is  one  of  the  most  common 
explosives.  Although  synthesis  reached  its  maximum  during 
World  War  II,  high  concentrations  of  TNT  and  its  congeners 
are  still  found  in  soil  and  groundwater  at  former  manufactur¬ 
ing  sites,  indicating  significant  resistance  to  microbial  metab¬ 
olism  (32).  The  strong  electron-withdrawing  character  of  the 
nitro  group  renders  the  tt  system  of  nitroarenes  electron  defi¬ 
cient  with  increasing  number  of  nitro  substituents;  conse¬ 
quently,  nitroarenes  become  less  and  less  susceptible  to  elec¬ 
trophilic  attack  by  oxygenases  (32).  Several  reports  deal  with 
the  oxidative  degradation  of  mono-  and  dinitroarenes  (34), 
whereas  for  the  degradation  of  trinitroarenes,  such  as  picric 
acid  (2,4,6-trinitrophenol)  or  TNT,  initial  oxidative  attack  of 
the  aromatic  ring  has  not  been  described  so  far. 

Several  studies  on  fungal  degradation  of  TNT  have  estab¬ 
lished  a  certain  extent  of  mineralization,  since  14C02  was 
evolved  from  [14C]TNT  (3,  22,  37).  Unequivocal  evidence  for 
complete  and  productive  degradation  of  TNT  by  bacteria  is 
still  lacking.  Several  reports  deal  with  the  bacterial  conversion 
of  TNT,  mainly  to  2-amino-4,6-dinitrotoluene  and  the  isomeric 
4-amino-2,6-dinitrotoluene  (2-  and  4-ADNT),  under  both  aer¬ 
obic  and  anaerobic  conditions  (1,  6,  8,  21,  24-26);  under  aer¬ 
obic  conditions,  these  metabolites  are  regarded  as  dead-end 
products  which  are  not  further  degraded. 

A  novel  reductive-degradation  mechanism  by  an  aerobic 
organism  has  been  reported  for  the  utilization  of  picric  acid  by 
Rhodococcus  erythropolis  HL  PM-1  (17).  An  orange-red  hy- 
dride-Meisenheimer  complex,  formed  by  nucleophilic  addition 
of  a  hydride  ion  in  the  3  position  of  picric  acid  (32),  transiently 
accumulated  in  the  culture  fluid.  Subsequent  elimination  of 
nitrite  from  this  complex,  restoring  the  aromatic  system, 
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yielded  2,4-dinitrophenol.  Formation  of  a  hydride-Meisenhei- 
mer  complex  was  confirmed  for  TNT  cometabolism  also:  rest¬ 
ing  cells  of  Mycobacterium  sp.  strain  HL  4-NT-l,  pregrown  with 
4-nitrotoluene,  converted  TNT  by  hydride  addition  at  C-3  to 
the  respective  Meisenheimer  complex  (H~-TNT)  (38).  Duque 
et  al.  (6)  suggested,  by  reason  of  analogy,  that  a  corresponding 
mechanism  operates  in  TNT  degradation  by  Pseudomonas  sp. 
clone  A  but  did  not  present  firm  evidence.  Reductive  elimina¬ 
tion  of  nitrite  with  subsequent  rearomatization  to  dinitrotolu- 
ene — analogous  to  the  mechanism  found  for  picric  acid — 
would  represent  an  effective  pathway  for  TNT  breakdown  as 
well,  since  2,4-dinitrotoluene  and  2,6-dinitrotoluene  have  been 
shown  to  be  biodegradable  (28,  35).  Such  reductive  “denitra¬ 
tion”  of  TNT  was  proposed  for  Pseudomonas  sp.  clone  A  (6). 
In  the  present  study,  the  significance  of  this  pathway  was  ex¬ 
amined  with  Pseudomonas  sp.  clone  A  (2NT~)  and  two  newly 
isolated  strains,  TNT-8  and  TNT-32.  The  formation  and  fate  of 
the  H~-TNT  complex  with  respect  to  the  elimination  of  nitrite 
were  examined  with  Mycobacterium  sp.  strain  HL  4-NT-l  and 
R.  eiythropolis  HL  PM-L 

MATERIALS  AND  METHODS 

Enrichment  and  isolation  of  bacterial  strains  with  TNT.  Mixed  samples  of 
TNT-contaminated  soil  from  a  former  manufacturing  site  at  Hessisch-Lichtenau, 
Germany,  and  activated  sludge  from  a  sewage  plant  in  Stuttgart-Busnau,  Ger¬ 
many,  were  used  as  inocula.  Cultivations  were  carried  out  in  100  ml  of  nitrogen- 
free  mineral  medium  (18)  supplemented  with  a  saturated  TNT  solution  (overall 
concentration,  1  or  2  mM)  as  the  nitrogen  source  and  a  mixture  of  glucose, 
fructose,  succinate,  and  acetate  (3  mM  each)  as  the  carbon  source.  When  the 
turbidity  of  the  culture  had  increased  significantly,  and  high-performance  liquid 
chromatographic  (HPLC)  analysis  showed  a  substantial  decrease  in  TNT  con¬ 
centration,  a  10-ml  aliquot  of  the  suspension  was  transferred  into  100  ml  of  fresh 
medium.  For  isolation  of  pure  cultures,  samples  of  the  enrichment  cultures  were 
plated  on  solid  mineral  media  with  TNT  and  the  carbon  source  mixture  given 
above;  additionally,  0.2%  nutrient  broth  (NB)  (Difco,  Detroit,  Mich.)  was  added. 
The  strains  thus  isolated  were  tested  for  their  ability  to  utilize  TNT  as  a  nitrogen 
source  by  monitoring  of  growth  and  TNT  conversion  in  batch  culture.  The 
gram-negative  strain  TNT-8  and  the  gram-positive  strain  TNT-32,  classified  by 
suspending  cells  in  KOH  (9),  were  used  in  further  studies. 
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Other  organisms.  Mycobacterium  sp.  strain  HL  4-NT-l,  isolated  with  4-nitro- 
toluene  as  the  sole  nitrogen  source  (36),  was  shown  to  cometabolically  reduce 
TNT  to  ADNTs  and  the  hydridc-Meisenhcimcr  complex  of  TNT  (38).  R.  eryth- 
ropolis  HL  PM-1  is  a  2,4-dinitrophenol-utilizing  strain  which  by  spontaneous 
mutation  has  acquired  the  ability  to  utilize  picric  acid  (17).  Pseudomonas  sp. 
clone  A  is  a  derivative  of  Pseudomonas  sp.  strain  C1S1,  which  was  isolated  with 
TNT  as  the  sole  source  of  nitrogen.  2,4-Dinitrotoluene,  2,6-dinitrotolucne,  and 
2-nitrotoluene  were  reported  as  alternative  nitrogen  sources  (6).  Pseudomonas 
sp.  clone  A  (2NT“)  is  a  spontaneous  mutant  of  C1S1  which  has  lost  the  ability 
to  grow  with  2-nitroto!uene  (30). 

Culture  conditions  and  measurement  of  growth.  Strains  were  cultivated  in 
fluted  Ericnmcycr  flasks  in  mineral  medium  (18)  containing  succinate  (10  mM) 
as  the  carbon  source  and  containing  0.5  mM  4-nitroto!uene  (for  Mycobacterium 
sp.  strain  HL  4-NT-l),  picric  acid  (for  R.  erythropolis  HL  PM-1),  or  TNT  (for 
strains  TNT-8  and  TNT-32)  as  the  nitrogen  source.  Pseudomonas  sp.  clone  A 
(2NT  )  was  grown  with  fructose  (10  mM)  as  the  carbon  source  and  TNT  (0.5 
mM)  as  the  nitrogen  source.  The  cultures  were  incubated  at  30°C  on  a  rotary 
shaker  at  120  rpm;  growth  was  monitored  photometrically  by  measuring  the 
turbidity  at  546  nm  (spectrophotometer  model  DU-50;  Beckman  Instruments, 
Munich,  Germany).  In  cases  of  colored  metabolites  or  substrates,  the  culture 
fluid  was  centrifuged  and  the  cell-free  supernatant  was  used  as  a  reference.  Solid 
media  were  prepared  by  adding  1.5%  (wt/vol)  agar  (no.  1;  Oxoid  Ltd.,  London, 
United  Kingdom)  to  the  mineral  medium,  supplemented  with  10  mM  succinate 
as  the  carbon  source  and  0.5  mM  picric  acid  (for  R.  erythropolis  HL  PM-1)  or  0.3 
mM  TNT  [for  strains  TNT-8  and  TNT-32  and  for  Pseudomonas  sp.  clone  A 
(2NT  )]  as  the  nitrogen  source,  TNT-containing  agar  plates  were  supplemented 
with  0.2%  (wt/vol)  NB:  in  our  experience  this  reduces  the  accumulation  of  brown 
polymerization  products.  For  cultivation  of  Mycobacterium  sp.  strain  HL  4-NT-l, 
4-nitrotolucnc  was  supplied  through  the  gas  phase  in  a  desiccator  containing 
crystals  of  4-nitrotoluene. 

Resting-cell  experiments.  Cells  were  grown  in  mineral  medium  with  the  cor¬ 
responding  nitroarene  (0.5  mM)  or  ammonia  (2  mM)  as  the  nitrogen  source  and 
succinate  or  fructose  as  the  carbon  source  (see  above).  Fully  induced  cells  of 
Mycobacterium  sp.  strain  HL  4-NT-l  and  R.  erythropolis  HL  PM-1  were  obtained 
by  adding  the  respective  nitroarene  substrate  (final  concentration,  0.5  mM) 
during  the  exponential-growth  period,  2  h  before  the  cells  were  harvested  by 
centrifugation.  The  cells  were  suspended  in  phosphate  buffer  (50  mM;  pH  7.4) 
and  incubated  with  H~-TNT  or  a  mixture  of  2-hydroxylamino-4,6-dinitrotoluene 
and  4-hydroxylamino-2,6-dinitrotoluene  (2-  and  4-HADNT)  at  30°C  on  a  water 
bath  shaker.  For  turnover  experiments  with  TNT,  the  substrate  was  incubated  in 
phosphate  buffer  prior  to  the  addition  of  cells.  Upon  the  addition  of  the  cells  to 
the  TNT  solution,  the  TNT  concentration  was  reduced  rapidly,  indicating  initial 
adsorption  of  TNT  on  the  cell  surfaces.  Desorption  of  TNT  could  he  demon¬ 
strated  when  the  cells  were  resuspended  in  phosphate  buffer.  Turnover  of  the 
substrate  was  monitored  by  HPLC.  Experiments  under  anaerobic  conditions 
were  performed  in  serum  bottles  closed  with  gas-tight  rubber  septa  in  an  argon 
atmosphere. 

Preparation  of  cell  extracts.  Cells  of  the  individual  bacterial  strains  (see 
above)  were  harvested  by  centrifugation,  suspended  in  3  to  5  ml  of  50  mM 
phosphate  buffer  (pH  7.4),  and  disrupted  by  using  a  French  pressure  cell  (Ami- 
con,  Silver  Spring,  Md.).  Cell  debris  and  membrane-bound  proteins  were  re¬ 
moved  by  centrifugation  at  100,000  X  g  for  35  min  at  4°C  (L8-70  ultracentrifuge; 
Beckman  Instruments  Inc.,  Irvine,  Calif.).  The  protein  content  of  the  crude 
extracts  was  determined  as  described  by  Bradford  (2). 

Analytical  methods.  The  nitrite  ion  concentration  in  the  culture  fluid  was 
determined  photometrically  by  the  method  of  Gricss-Ilosvay  as  modified  by 
Shinn  (23),  or  alternatively  by  ion  chromatography.  The  system  incorporated  a 
conductivity  detector  with  suppressor  technique,  an  lonPac  AS4A  column  (4  by 
250  mm),  and  an  AG4A  precolumn  (4  by  50  mm),  each  filled  with  15-jo.m  latex 
particles  (diameter,  180  nm),  with  alkanol  quaternary  ammonium  as  functional 
groups  (Dioncx,  Idstcin,  Germany),  and  was  run  with  1.8  mM  Na2C03-1.7  mM 
NaHC03  as  mobile  phase  at  a  flow  rate  of  2  ml/min. 

Ammonium  ion  concentrations  were  estimated  photometrically  by  the  Ber- 
thelot  method  as  modified  by  Parsons  et  al.  (29). 

Concentrations  of  TNT,  of  the  isomeric  HADNTs  (2-  and  4-HADNT)  and 
ADNTs  (2-  and  4-ADNT),  and  of  H" -TNT  were  quantified  by  ion  pair  HPLC  as 
described  previously  (38).  2-  and  4-HADNT,  as  well  as  2-  and  4-ADNT,  were  not 
separated  under  these  conditions  and  thus  were  each  quantified  as  the  sum  of 
both  isomers. 

Flow  injection  mass  spectra  were  obtained  on  a  Trio  2000  mass  spectrometer 
(MS)  (Fison  Instruments,  Altrincham,  United  Kingdom)  by  negative-mode  elec¬ 
trospray  ionization  (ESI"),  with  a  needle  voltage  of  -2.8  kV  and  a  source 
temperature  of  150°C.  The  sample  was  dissolved  in  acetonitrile  and  injected  into 
the  flow  system;  the  acctonitrilc/watcr/formic  acid  ratio  was  850:150:1  (vol/vol/ 
vol),  and  the  flow  rate  was  0.1  ml/min. 

Liquid  chromatography  (LC)-ESl  mass  spectra  were  obtained  on  an  HP1090 
LC  system  with  a  diode  array  detector,  coupled  directly  to  a  Platform  II  mass 
spectrometer  (Micromass  UK  Ltd.,  Altrincham,  United  Kingdom):  LC  column 
Capital  octyldecyl  silane  (inside  diameter,  150  by  4.6  mm),  mobile  phase  aceto- 
nitrilerwatenPicA  (175:325:10),  isocratic  at  1  ml/min  (split  to  200  pl/min  before 
entering  the  MS  source).  The  MS  was  scanned  from  m/z  40  to  500  in  1  s  and  was 
calibrated  with  Nal-Csl  injected  separately.  A  25-V  cone  voltage  was  used 


throughout  the  analyses.  For  working  with  nonvolatile  buffers  and  ion  pair 
reagents,  the  platform  was  fitted  with  an  X-flow  counterelectrode.  MS  and  diode 
array  data  were  acquired  simultaneously  and  evaluated  with  MassLynx  NT  soft¬ 
ware. 

TH  and  13C  nuclear  magnetic  resonance  (NMR)  spectra  of  the  yellow  metab¬ 
olite  were  obtained  with  an  ARX  500  spectrometer  (Bruker,  Rhcinstettcn,  Ger¬ 
many)  at  nominal  frequencies  of  500.13  and  125.77  MHz,  respectively.  The 
samples  were  dissolved  in  D20  (99.9%  d). 

Isolation  and  characterization  of  the  yellow  metabolite.  Resting  cells  of  R 
erythropolis  HL  PM-1  were  used  to  accumulate  the  yellow  metabolite  during 
conversion  of  H  -TNT.  These  cells  were  obtained  by  growth  in  mineral  medium 
(3x  1,000  ml  in  3-liter  fluted  Ericnmcycr  flasks)  with  picric  acid  (0.5  mM)  as  the 
nitrogen  source  and  succinate  (10  mM)  as  the  carbon  source.  Cells  were  har¬ 
vested,  washed  twice,  resuspended  in  distilled  water  instead  of  buffer  (optical 
density  [OD]  at  546  nm,  4  to  5),  and  incubated  at  30°C  with  the  H  -TNT 
tetramethylammonium  salt  (0.5  mM),  obtained  by  chemical  synthesis  (see  be¬ 
low).  During  conversion  of  the  H”-TNT  complex,  the  culture  fluid  turned  from 
dark  red  to  orange  yellow.  When  HPLC  analysis  showed  complete  transforma¬ 
tion  of  the  H  -TNT  complex,  cells  were  removed  by  centrifugation  and  filtration, 
and  the  cell-free  culture  fluid  was  extracted  with  ethyl  acetate  to  remove  by¬ 
products,  such  as  TNT,  2-  and  4-HADNT,  and  2-  and  4-ADNT.  The  ethyl  acetate 
extract  was  discarded,  residual  ethyl  acetate  in  the  yellow-water  phase  was  re¬ 
moved  by  evaporation  under  reduced  pressure,  and  the  aqueous  phase,  contain¬ 
ing  the  yellow  metabolite  as  a  tetramethylammonium  salt,  was  concentrated  and 
subjected  to  ultrafiltration  (with  a  5-kDa  filter)  to  remove  high-molecular-mass 
components.  The  solution  was  then  shock  frozen  and  lyophilized,  yielding  a  red 
powder  which  could  be  stored  under  argon  at  -2CTC  for  several  weeks  without 
decomposition.  The  tetramethylammonium  salt  of  the  yellow  metabolite  was 
employed  directly  for  ESI-MS  and  NMR  analysis.  In  order  to  eliminate  the  very 
intensive  tetramethylammonium  signal,  especially  in  the  *H  NMR  spectra,  an 
aliquot  of  the  tetramethylammonium  salt  was  converted  to  the  sodium  salt  with 
a  Dowex  MSC-1  ion-exchange  resin  (20/50  mesh;  particle  size,  0.9  to  0.3  mm; 
Serva,  Heidelberg,  Germany). 

Chemicals.  Highly  pure  TNT  was  generously  supplied  by  T.  Rosendorfer 
(MBB  Deutsche  Aeorospacc,  Schrobenhausen,  Germany).  The  hydride-Meisen- 
heimer  complex  was  synthesized  chemically  from  TNT  according  to  the  method 
of  Kaplan  and  Siedle  (15)  as  described  previously  (38).  A  mixture  of  2-  and 
4-HADNT  was  prepared  enzymatically  from  TNT  as  described  by  Michels  and 
Gottschalk  (22)  and  was  separated  in  part  by  thin-layer  chromatography  (22)  in 
order  to  obtain  standards.  2,4-Dihydroxyl  a  mino-6-nitrotolucne  was  kindly  sup¬ 
plied  by  P.  Fiorella  (Armstrong  Laboratory,  Tyndall  Air  Force  Base,  Fla.). 

RESULTS 

Growth  of  bacterial  strains  enriched  with  TNT  as  a  nitrogen 
source.  In  order  to  clarify  whether  reductive  elimination  of 
nitrite  via  formation  of  a  hydride-Meisenheimer  complex  has  a 
key  function  in  TNT  metabolism,  two  newly  isolated  strains, 
TNT-8  and  TNT-32,  and  Pseudomonas  sp.  clone  A  (2NT~) 
were  studied  in  greater  detail.  When  strain  TNT-8  pregrown 
with  NB  was  inoculated  into  mineral  medium  with  TNT  as  the 
sole  nitrogen  source  and  succinate  as  the  sole  carbon  and 
energy  source,  TNT  disappeared  completely  within  3  days, 
with  a  concomitant  increase  in  cell  density  (AOD  at  546  nm, 
1.8).  After  two  transfers  into  fresh  medium,  growth  as  well  as 
TNT  consumption  slowed  down;  for  the  second  growth  cycle,  a 
AOD  at  546  nm  of  0.35  was  observed  within  4  days;  for  the 
third  growth  cycle,  a  AOD  of  0.3  was  observed  within  6  days. 
The  higher  increase  in  cell  density  during  the  first  growth  cycle 
obviously  resulted  from  a  carryover  of  nitrogen  from  NB,  as 
shown  in  a  control  experiment  (first  transfer,  AOD  =  1.6; 
second  transfer,  AOD  =  0.1;  third  transfer,  AOD  =  0.05). 
Furthermore,  upon  prolonged  cultivation  with  TNT,  the  cul¬ 
ture  fluid  turned  a  characteristic  dark  yellow  to  brownish  red. 
The  same  phenomenon  was  observed  with  strain  TNT-32  and 
Pseudomonas  sp.  clone  A  (2NT“)  when  they  were  grown  with 
TNT  as  the  sole  nitrogen  source.  While  NB-pregrown  cells  of 
Pseudomonas  sp.  clone  A  (2NT-),  inoculated  in  mineral  me¬ 
dium  with  TNT  as  the  sole  nitrogen  source,  showed  good 
growth  and  fast  consumption  of  TNT,  both  growth  and  TNT 
conversion  were  retarded  during  successive  subcultivation.  At 
the  same  time,  increasing  agglomeration  of  the  cells  was  ob¬ 
served.  Whereas  strain  TNT-8  and  Pseudomonas  sp.  clone  A 
(2NT")  could  be  subcultivated  with  TNT  as  the  sole  nitrogen 
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FIG.  1.  Conversion  of  TNT  by  resting  cells  of  strain  TNT-32.  Cells  were 
obtained  by  growth  in  mineral  medium  with  ammonia  (2  mM)  and  succinate  (10 
mM)  prior  to  addition  of  TNT  (0.5  mM).  The  cells  were  harvested,  washed, 
resuspended  in  phosphate  buffer  (OD  at  546  nm,  6.8),  and  incubated  at  30°C  with 
0.35  mM  TNT  on  a  water  bath  shaker.  Concentrations  of  TNT  (■),  isomeric 
HADNTs  (A),  ADNTs  (O),  and  2,4-diamino-6-nitrotoluene  (•),  as  well  as  the 
peak  area  of  the  not-yet-identified  metabolite(s)  Rt  1.3  (A),  were  determined  by 
HPLC. 


source,  growth  at  the  expense  of  TNT  by  strain  TNT-32  could 
not  be  accomplished  during  long-term  subcultivation. 

In  order  to  test  whether  growth  was  inhibited  by  TNT  or  its 
metabolites,  cells  were  inoculated  in  mineral  medium  contain¬ 
ing  ammonia  (2  mM)  as  a  nitrogen  source  and  succinate  or 
fructose  as  a  carbon  and  energy  source  (10  mM  each),  and 
cultures  with  and  without  added  TNT  (0.5  mM)  were  com¬ 
pared.  Whereas  growth  curves  of  the  gram-positive  strain 
TNT-32  and  of  Pseudomonas  sp.  clone  A  (2NT“)  were  not 
affected  by  TNT,  pronounced  inhibition  of  the  gram-negative 
strain  TNT-8  was  noticed  at  ^0.1  mM  concentrations  of  TNT. 

Initial  metabolites  of  TNT  with  TNT-enriched  strains.  Rest¬ 
ing  cells  of  strains  TNT-8  and  TNT-32,  subcultivated  with  TNT 
and  succinate  after  growth  with  NB,  showed  no  turnover  ac¬ 
tivity.  Highly  active  cells  were  obtained,  however,  when  strains 
TNT-8  and  TNT-32  were  grown  with  ammonia  and  succinate 
and  TNT  was  added  3  to  4  h  before  harvesting.  Interestingly,  a 
nonspecific  release  of  ammonia  was  observed  upon  incubation 
of  these  cells  in  pure  buffer,  i.e.,  without  any  substrate.  Thus,  it 
cannot  be  decided  whether  ammonia  is  also  eliminated  during 
the  breakdown  of  TNT.  A  comparable  release  of  previously 
accumulated  ammonia  has  likewise  been  reported  for  a 
Pseudomonas  putida  strain  (40). 

Release  of  nitrite  through  ring  hydrogenation  and  rearoma- 
tization  of  an  intermediate  hydride-Meisenheimer  complex  of 
TNT,  as  described  for  picric  acid  (17),  was  never  observed  in 
significant  amounts  with  resting  cells  of  TNT-8,  TNT-32,  or 
Pseudomonas  sp.  clone  A  (2NT-).  Likewise,  dinitro-  and  ni- 
trotoluenes  could  not  be  identified  as  denitration  products 
upon  incubation  of  growing  or  resting  cells  of  strain  TNT-32  or 
Pseudomonas  sp.  clone  A  (2NT-)  with  TNT.  Only  trace 
amounts  of  H"-TNT  had  been  detected  in  a  culture  of  strain 
TNT-8  growing  with  TNT  as  the  sole  nitrogen  source  (38). 
During  incubation  of  the  H"-TNT  complex  with  resting  cells 
or  cell  extracts  of  TNT-8,  TNT-32,  or  Pseudomonas  sp.  clone  A 
(2NT“),  neither  dinitrotoluenes  nor  nitrotoluenes  were 
formed  and  the  amount  of  nitrite  detected  by  HPLC  was  neg¬ 
ligible. 

During  conversion  of  TNT  by  resting  cells  of  strain  TNT-32, 
three  major  metabolites  successively  appeared  in  the  culture 
fluid  (Fig.  1).  A  single  HPLC  peak,  observed  first,  was  due  to 
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FIG.  2.  Conversion  of  TNT  by  resting  cells  of  strain  TNT-8  (A)  and  Pseudo¬ 
monas  sp.  clone  A  (2NT-)  (B).  Resting  cells  were  obtained  by  growth  in  mineral 
medium  containing  succinate  or  fructose  (10  mM  each)  and  ammonia  (2  mM) 
prior  to  the  addition  of  TNT  (0.5  mM).  Cells  were  harvested,  washed,  resus¬ 
pended  in  phosphate  buffer  (OD  at  546  nm,  5  or  5.2,  respectively),  and  incubated 
at  30°C  with  0.27  and  0.47  mM  TNT,  respectively,  on  a  water  bath  shaker. 
Concentrations  of  TNT  (■),  the  isomeric  HADNTs  (A),  and  ADNTs  (O),  as  well 
as  the  peak  area  of  the  not-yet-identified  metabolite(s)  Rt  1.3  (A),  were  deter¬ 
mined  by  HPLC. 


an  unresolved  mixture  of  isomeric  HADNTs.  By  comparison  of 
the  chromatographic  properties  and  UV-visible  (UV/VIS)  ab¬ 
sorption  spectra  with  those  of  authentic  material,  the  metab¬ 
olites  were  identified  as  2-  and  4-HADNT.  The  isomeric 
HADNTs  were  further  reduced  by  strain  TNT-32  to  the  cor¬ 
responding  ADNTs  (2-  and  4-ADNT),  which  under  aerobic 
conditions  underwent  even  further  reduction  to  2,4-diamino- 
6-nitrotoluene  (2,4-DANT).  Accumulation  of  nitrite  in  the  cul¬ 
ture  fluid  was  negligible.  After  27  h,  0.35  mM  TNT  had  been 
converted  into  0.1  mM  2-  and  4-ADNT  and  0.16  mM  2,4- 
DANT. 

Resting  cells  of  strain  TNT-8  and  Pseudomonas  sp.  clone  A 
(2NT  ~)  likewise  converted  TNT  to  the  2-  and  4-HADNT  mix¬ 
ture.  In  contrast  to  strain  TNT-32,  these  strains  accumulated 
only  minor  amounts  of  the  isomeric  ADNTs  (Fig.  2).  Rather, 
a  new  elution  peak  at  Rt  1.3  min  (Xmax,  263  nm  [HPLC  anal¬ 
ysis])  revealed  formation  of  an  unknown  metabolite(s).  Within 
27  h,  strain  TNT-8  converted  0.24  mM  TNT  to  only  0.025  mM 
2-  and  4-ADNT  (10%);  the  major  percentage  of  the  substrate 
seemed  to  be  diverted  into  the  alternate  metabolic  route.  This 
was  even  more  pronounced  with  resting  cells  of  Pseudomonas 
sp.  clone  A  (2NT“):  while  0.47  mM  TNT  was  rapidly  reduced 
to  a  mixture  of  2-  and  4-HADNT  (2  ^  0.2  mM),  only  0.01  mM 
2-  and  4-ADNT  were  accumulated  after  complete  conversion 
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FIG.  3.  Turnover  of  the  hydride-Meisenheimer  complex  of  TNT  (H  -TNT) 
by  resting  cells  of  R.  erythropolis  HL  PM-1.  Resting  cells  were  obtained  by  growth 
in  mineral  medium  with  picric  acid  (0.5  mM)  and  succinate  (10  mM).  The  cells 
were  harvested,  washed,  resuspended  in  phosphate  buffer  (OD  at  546  nm,  10), 
and  incubated  with  the  H~-TNT  complex  (0.25  mM)  at  30°C  on  a  water  bath 
shaker.  FT-TNT  (♦)  was  rapidly  converted  to  a  yellow  product,  Rt  3.3  (O),  so 
that  spontaneous  decomposition  to  TNT  (■)  was  negligible. 


of  the  HADNTs.  This  again  indicates  that  the  bulk  of  TNT  is 
converted  to  the  polar  product(s)  Rt  1.3.  No  other  metabolites 
could  be  detected  by  HPLC  in  significant  amounts  in  the  cul¬ 
ture  fluids  for  both  strains. 

When  strain  TNT-8  or  Pseudomonas  sp.  clone  A  (2NT“) 
was  incubated  with  a  mixture  of  authentic  2-  and  4-HADNT, 
these  substrates  were  likewise  converted  to  the  Rt  1.3  prod¬ 
uces).  The  UV  maximum  at  263  nm  indicated  that  the  struc¬ 
ture  was  still  aromatic.  By  comparing  chromatographic  and 
UV  spectral  characteristics  with  those  of  authentic  material, 
2,4-dihydroxylamino-6-nitrotoluene  was  excluded  as  a  possible 
structure  for  the  polar  metabolite  (7).  2-  and  4-ADNT  were 
detected  only  in  minor  amounts,  as  in  the  turnover  experi¬ 
ments  with  TNT,  accounting  for  10%  of  the  2-  and  4-HADNT 
turned  over  by  strain  TNT-8  and  for  5%  of  that  turned  over  by 
Pseudomonas  sp.  clone  A  (2NT“)  (39).  The  product  Rt  1.3  was 
also  formed  under  anaerobic  conditions  by  both  strains,  indi¬ 
cating  that  its  formation  occurred  without  the  contribution  of 
oxygen. 

Formation  of  hydride  complexes  of  TNT,  R.  erythropolis  HL 
PM-1  utilizes  picric  acid  (2,4,6-trinitrophenol)  as  a  nitrogen 
source  via  a  reductive  mechanism:  a  hydride  ion  is  added  to  the 
aromatic  nucleus,  and  the  resulting  hydride-Meisenheimer 
complex  of  picric  acid  is  then  converted  to  2,4-dinitrophenol, 
with  concomitant  release  of  nitrite  (17).  In  contrast,  TNT  was 
not  denitrated  reductively  and  did  not  serve  as  a  growth  sub¬ 
strate  for  R.  erythropolis  HL  PM-1.  Rapid  development  of  a 
yellow  color  in  the  culture  fluid,  however,  clearly  indicated 
transformation  of  TNT.  As  analyzed  by  HPLC,  picric  acid- 
grown  cells  converted  TNT,  by  nitro-group  reduction,  to  prod¬ 
ucts  such  as  2-  and  4-HADNT  (12%)  and  2-  and  4-ADNT 
(2%).  An  additional  prominent  metabolite  was  characterized 
by  a  deep  yellow  color  (\max,  267  and  445  nm).  Uninduced  cells 
converted  TNT  only  after  a  lag  phase.  A  transiently  accumu¬ 
lating  red  metabolite  was  identified  as  the  hydride-Meisenhei¬ 
mer  complex  of  TNT  (H“-TNT)  by  comparison  of  its  chro¬ 
matographic  properties  and  the  UV/VIS  spectrum  with  those 
of  an  authentic  compound  (Xmax,  255,  477,  and  578  nm)  (15, 
38).  When  synthetic  H“-TNT  served  as  a  substrate  for  induced 
cells  of  R.  erythropolis  HL  PM-1,  it  was  converted  into  the 
yellow  metabolite  within  25  min  (Fig.  3).  Only  3%  of  the 
H“-TNT  complex  spontaneously  rearomatized  to  TNT;  thus, 


only  trace  amounts  of  the  respective  reduction  products,  2-  and 
4-ADNT  and  2-  and  4-HADNT,  were  generated  (<0.4% 
each).  This  indicates  that  conversion  of  TNT  into  the  yellow 
metabolite  by  induced  cells  of  R  erythropolis  HL  PM-1  was  so 
fast  that  the  intermediate  H"-TNT  was  not  released  into  the 
culture  fluid. 

Conversion  of  the  H~-TNT  complex  was  also  studied  with 
resting  cells  of  Mycobacterium  sp.  strain  HL  4-NT-l.  This  4- 
nitrotoluene-degrading  strain  likewise  did  not  grow  with  TNT 
as  a  nitrogen  source  but  unequivocally  formed  H“-TNT  from 
TNT,  in  addition  to  4-ADNT  and  other  metabolites  previously 
designated  Rt  6.7  and  Rt  3.3  according  to  the  respective  re¬ 
tention  times  in  HPLC  analysis  (38).  The  product  Rt  6.7  was 
identified  as  4-HADNT  by  comparison  with  an  enzymatically 
synthesized  sample.  Product  Rt  3.3  had  the  same  UV/VIS 
spectrum  as  the  yellow  metabolite  formed  by  cells  of  R.  etyth- 
ropolis  HL  PM-1  from  either  TNT  or  H”-TNT  (see  above). 
Actually,  when  4-nitrotoluene-grown  cells  of  Mycobacterium 
sp.  strain  HL  4-NT-l  were  incubated  with  H“-TNT,  the  same 
yellow  product,  Rt  3.3,  was  formed  as  the  predominant  metab¬ 
olite  (39).  As  observed  with  R.  erythropolis  HL  PM-1,  only 
traces  of  TNT,  4-HADNT,  and  4-ADNT  were  detected  (about 
1%  each). 

Isolation  and  preliminary  characterization  of  the  yellow  me¬ 
tabolite.  Because  of  its  ionic  structure,  the  yellow  metabolite 
could  not  be  extracted  with  organic  solvents.  A  new  method 
with  buffer-free  conditions  had  to  be  developed  for  its  produc¬ 
tion,  isolation,  and  purification  (see  Materials  and  Methods), 
HPLC  analysis  of  the  red  powder  obtained  upon  lyophilization 
showed  an  additional  peak  at  Rt  1.6,  which  gave  a  slightly 
different  UV/VIS  absorption  spectrum  ( \max, ,  230, 268,  and  430 
nm)  than  the  original  metabolite  (Rt  3.3;  Xmax,  267  and  445 
nm).  The  same  peak  had  already  been  observed  in  chromato¬ 
grams  of  the  aqueous  reaction  mixture.  The  ratio  of  the  two 
peaks  displayed  a  clear  pH  dependence;  the  corresponding 
structures  must  be  prototropic  forms  of  the  same  metabolite 
(Fig.  4,  tautomeric  equilibrium).  The  protonated  form  (Rt  1.6) 
dominated  under  acid  conditions  (pH  <6),  whereas  the  depro- 
tonated  yellow  metabolite  (Rt  3.3)  prevailed  at  pHs  of  ^8. 

Structural  characterization  of  the  yellow  metabolite.  The 
first  MS  analysis  (flow  injection  with  ESI  “-MS)  had  shown 
three  prominent  signals  at  46, 183,  and  230  Da  which  could  be 
assigned,  respectively,  as  nitrite  ion,  molecular  anion  (e.g.,  the 
hydride-Meisenheimer  complex  of  dinitrotoluene),  and  the 
corresponding  HN02  adduct.  When,  however,  a  solution  of  the 
yellow  metabolite  was  subjected  to  coupled  HPLC-ESI“-MS, 
i.e.,  after  chromatographic  separation,  these  three  signals  once 
again  dominated  the  mass  spectrum;  hence,  they  must  arise 
directly  from  the  yellow  metabolite.  The  signal  at  mlz  230  in 
fact  corresponds  to  the  molecular  anion  [M  ]  of  a  protonated 
dihydride-Meisenheimer  complex  of  TNT  (2H“-TNT).  This 
ion  then  eliminates  either  nitrite  or  nitric  acid,  giving  rise  to 
the  negative  fragment  ions  at  mlz  46  [N02]“  and  mlz  183 
[M-HN02]“,  respectively.  With  this  structure  for  the  yellow 
metabolite,  it  becomes  clear  why  only  trace  amounts  of  nitrite 
could  be  found  in  the  supernatant  even  after  complete  conver¬ 
sion  of  H“-TNT  to  the  yellow  metabolite.  Rather  than  elimi¬ 
nating  a  nitrite  ion,  the  H“-TNT  complex  undergoes  a  second 
hydride  attack  followed  by  protonation  of  the  resulting  dihy¬ 
dride-Meisenheimer  complex  (2H“-TNT),  as  shown  in  Fig.  4. 

The  proposed  structure  for  the  yellow  metabolite,  that  of  a 
tetrabutylammonium  salt,  of  the  dihydride-Meisenheimer 
complex  protonated  at  C-4  was  established  (Fig.  4)  unequivo¬ 
cally  by  JH  and  13C  NMR  spectroscopy.  The  integrity  of  the 
sample,  subjected  to  the  individual  NMR  techniques,  was  ver¬ 
ified  in  each  case  by  HPLC  analysis  directly  before  the  respec- 
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FIG.  4.  Formation  of  a  protonated  dihydridc-Meiscnheimer  complex  of  TNT  from  H  -TNT. 


tive  measurements.  The  *H  NMR  spectrum  (500  MHz,  D20, 
293  K)  shows  a  heptuplet  at  5.219  ppm  and  two  doublets  of 
doublets  at  8  3.566  and  3.178  ppm  (Table  1).  This  resonance 
pattern  can  be  analyzed,  in  a  straightforward  manner,  as  an 
(AB)2X  five-spin  system.  The  resonances  at  8  3.566  and  3.178 
ppm  are  assigned  to  the  double  set  of  diastereotopic  methylene 
protons  Ha  and  HB  at  C-3  and  -5,  i.e.,  at  those  positions  where 
hydride  has  been  added.  The  large  numerical  value  for  the 
geminal  coupling  constant  2J  (HA,  HB)  of  -17.6  Hz  clearly 
proves  the  bisected  orientation  of  the  ^CHAHB  fragment  with 
respect  to  the  plane  of  the  02N — C6— C1 — C2 — N02  tt  system 
(14).  Almost  identical  vicinal  coupling  constants  are  derived 
from  the  methylene  subspectrum  between  HA  and  HB  on  one 
side  and  the  Hx  proton  on  the  other  side  (4.7  and  4.9  Hz) 


TABLE  1.  and  13C  NMR  data  for  the  yellow  product 


Parameter 


Proposed  structure  and  data  for: 


Yellow  metabolite0  Hydrolysis  product 


H  OH 


8  CH)  (ppm)6 


3,5-HA 

3.566 

3,5-HB 

3.178 

4-Hx 

5.219 

1-CH, 

2.461 

J  (Hz) 

HA,  HB 

(~)  17.6 

HA,  Hx 

4.7 

HB,  Hx 

4.9 

HA/HB,  CH3 

1.0 

8  (13C)  (ppm) 

C-7 

20.91 

C-3, 5 

33.24 

C-2,6 

133.16 

C-l 

142.57 

X  =  N02  or  OH 
(or  other  tautomeric  forms) 

3.657 

3.561 

3.784 

2.473 


(“) lb? 
4.4 
6.6 


20.38 

32.22 


0  The  sample  was  dissolved  in  D20  for  measurement.  Under  these  conditions, 
i.e.,  without  any  buffer,  the  yellow  metabolite  is  protonated  at  C-4. 

b  lH  chemical  shifts  are  converted  to  the  TMS  scale  with  8(H20)  equal  to  4.82 
ppm. 


(Table  1);  the  Hx  resonance  thus  appears  as  a  genuine  hep¬ 
tuplet  (a  separation  in  the  spectrum  corresponding  to  an  ap¬ 
parent  coupling  constant  [/app]  equal  to  4.7  Hz).  Both  this 
splitting  and  the  resonance  position  at  8  5.219  ppm  are  in  good 
agreement  with  the  proposed  structure  [e.g.,  2-nitropropane:  8 
(2H)  4.44  ppm]  (14).  Finally,  a  methyl  singlet  (8  2.461  ppm, 
3H)  shows  that  the  TNT  CH3  group  is  still  present  in  the 
metabolite  as  analyzed  here.  Both  the  resonance  position  and 
the  lack  of  3J  splitting  definitely  prove  that  the  CH3  group  is 
bound  to  an  sp2  carbon,  i.e.,  that  hydride  addition  is  exclusively 
in  the  3,5  position,  and  hence  prove  the  structure  given  in 
Table  1.  The  13C  NMR  spectrum  of  the  yellow  salt  shows  the 
expected  1:1:1  triplet  for  the  N(CH3)4  cation  (8  =  57.88  ppm), 
arising  from  coupling  with  the  1  =  1  nuclear  spin  of  14N,  a  CH2 
and  CH3  resonance  (8  =  33.24  and  20.91  ppm;  relative  inten¬ 
sity,  2:1),  and  also  two  signals  for  quaternary  sp2  carbon  atoms 
(8  =  142.57  and  133.16  ppm,  also  with  a  2:1  relative  intensity). 
The  assignments  as  CH3,  CH2,  and  =C  carbon  have  been 
verified  with  a  13C,  ’H  correlation  spectrum  with  distortionless 
enhancement  by  polarization  transfer  (DEPT). 

Even  the  first  *H  NMR  traces,  however,  taken  immediately 
upon  the  dissolving  of  the  sample  in  D20,  show  the  presence 
of  a  second  structure.  In  the  course  of  24  h,  the  respective 
signals  more  or  less  replace  all  resonances  of  the  primary 
yellow  metabolite.  The  new  product  again  comprises  a  CH3 
resonance  (8  =  2.473  ppm,  i.e.,  slightly  less  shielded  than  in  the 
primary  product),  as  well  as  a  — CHAHB — CHX — CHAHB — 

substructure.  This  new  five-spin  system  is  characterized,  how¬ 
ever,  by  a  geminal  coupling  with  a  drastically  reduced  numer¬ 
ical  value  (-11.7  instead  of  -17.6  Hz)  and  a  different  set  of  V 
(Ha,  Hx)  and  3/  (HB,  Hx)  coupling  constants  (Table  1).  The 
connectivities  within  this  five-proton  subset  have  been  proven 
independently,  as  for  the  primary  metabolite,  by  an  H,H  cor¬ 
relation  (COSY)  spectrum.  A  tentative  proposal  for  the  struc¬ 
ture  of  the  decomposition  product  would  be  that  of  a  hydro¬ 
lysis  product  (Table  1).  With  the  time  required  for  13C  NMR 
measurements,  the  signals  for  the  decomposition  product  dom¬ 
inate  the  spectrum  (Table  1);  they  clearly  prove,  however,  that 
the  — CH2 — CHX — CH2 —  subsystem  is  still  intact  in  this 

structure  also. 


DISCUSSION 

Enrichment  under  nitrogen-limiting  conditions  may  facili¬ 
tate  the  selection  of  bacteria  that  release  nitrite  or  ammonia  by 


VOL.  64,  1998 


REDUCTIVE  TNT  METABOLISM  251 


partial  degradation  of  polynitroaromatic  substrates  such  as 
picric  acid  or  TNT.  The  initial  formation  of  a  hydride-Meisen- 
heimer  complex  and  subsequent  elimination  of  nitrite,  as  ob¬ 
served  with  the  picric  acid-utilizing  R  erythropolis  HL  PM-1, 
could  not  be  demonstrated  for  the  TNT-enriched  bacteria  in¬ 
vestigated  here.  This  is  in  contrast  to  what  has  been  published 
by  Duque  et  al.  (6).  Neither  their  Pseudomonas  sp.  clone  A 
(2NT“)  nor  any  of  our  own  TNT-enriched  isolates  generated 
H~-TNT.  Correspondingly,  cells  grown  in  the  presence  of 
TNT  could  not  denitrate  or  convert  the  H"-TNT  complex. 
Instead  of  the  proposed  dinitrotoluenes  as  products  of  reduc¬ 
tive  denitration,  only  metabolites  of  TNT  with  one  or  two  nitro 
groups  reduced  were  identified  as  dead-end  products.  Accord¬ 
ing  to  Duque  et  al.  (6)  and  Ha'idour  and  Ramos  (11),  Pseudo¬ 
monas  sp.  clone  A  (2NT~)  should  also  denitrate  2,4-dinitro- 
toluene  and  accumulate  2-nitrotoluene.  Resting  cells  of 
Pseudomonas  sp.  clone  A  (2NT~)  exhibited  only  very  low  ac¬ 
tivities  with  2,4-dinitrotoluene,  and  the  corresponding  hydrox- 
ylaminonitrotoluenes  and  aminonitrotoluenes  were  the  only 
detectable  metabolites.  Therefore,  from  the  present  data,  hy¬ 
dride  addition  and  subsequent  nitrite  elimination,  i.e.,  reduc¬ 
tive  denitration,  could  not  be  identified  as  a  key  reaction  in 
TNT-enriched  bacteria. 

Growth  of  strains  TNT-8  and  TNT-32  and  of  Pseudomonas 
sp.  clone  A  (2NT~)  was  attenuated  with  each  transfer  into 
fresh  medium.  This  would  argue  against  productive  utilization 
of  TNT  as  a  nitrogen  source  by  these  strains.  Restricted  growth 
with  TNT  could  also  be  due,  however,  to  the  formation  of 
dead-end  metabolites  which  accumulate  in  the  course  of  TNT 
transformation.  Part  of  these  metabolites,  obviously,  are  sub¬ 
ject  to  facile  chemical  oxidation;  the  respective  oxidation  prod¬ 
ucts  are  retained  by  the  cells,  which  take  on  the  characteristic 
red-brown  coloration.  This  misrouting  is  even  more  evident 
during  cultivation  of  these  organisms  on  TNT-containing  agar 
plates.  Particularly,  colonies  of  strain  TNT-8  turn  dark  brown 
upon  prolonged  incubation.  HADNTs  have  been  identified  as 
inhibitory  species  during  TNT  reduction  by  Phanerochaete 
chrysosporium  (3,  22)  and  by  the  bacterial  strains  investigated 
here.  The  development  of  the  characteristic  coloration  in 
growing  cultures  of  TNT-metabolizing  strains  had  also  been 
observed  by  other  authors  (1,  8,  26).  They  concluded  that 
reactive  intermediates  of  TNT  catabolism  polymerize  to  dark, 
insoluble  macromolecules  which  were  reported  to  be  associ¬ 
ated  with  the  lipid  and  protein  fractions  of  microorganisms  (4). 
Products  of  reductive  biotransformation  of  TNT  or  2,4-dini¬ 
trotoluene  were  found  to  react  with  sugars  to  form  glucu- 
ronides  and  with  carboxylic  acids  to  form  amides  (5,  20). 
HADNT,  for  instance,  formed  covalently  bonded  protein  ad¬ 
ducts  when  [14C]TNT  was  incubated  with  rat  liver  microsomes 
and  NADPH  (19).  Formation  of  these  protein  adducts  de¬ 
pended  on  the  oxygen  content  of  the  atmosphere.  Nitrosoami- 
nodinitrotoluenes,  as  the  first  intermediates  of  HADNT  oxi¬ 
dation,  react  smoothly  with  proteins  and  thus  could  inhibit 
growth  of  TNT-metabolizing  strains.  The  inhibitory  potential, 
i.e.,  toxicity,  of  TNT  itself  seems  to  be  of  minor  importance; 
rather,  the  diverse  metabolic  misroutings  of  TNT  observed  in 
this  study  and  the  toxic  effects  of  metabolites  which  are  incor¬ 
porated  into  the  cells  seem  to  be  the  major  barriers  to  the 
utilization  of  TNT. 

Although  the  data  from  the  TNT-enriched  organisms  TNT-8 
and  TNT-32  rule  out  the  mechanism  of  reductive  elimination 
of  nitrite,  it  remains  obscure  at  which  metabolic  stage  and  in 
which  form  assimilable  nitrogen  is  made  available  to  the  bac¬ 
terial  cells.  In  recent  years,  a  considerable  number  of  reports 
have  been  published  on  the  role  of  hydroxylamino  derivatives 
as  key  intermediates  for  the  elimination  of  ammonia  from 


nh2 


FIG.  5.  Initial  reductive  reactions  in  the  aerobic  metabolism  of  TNT.  Dashed 
arrows  indicate  dead-end  routes. 


nitroaromatic  compounds  (10,  12,  27,  31,  33,  36).  Release  of 
ammonia  from  such  hydroxylamino  intermediates  has  not  yet 
been  reported  for  TNT  metabolism.  HADNTs  are  trans¬ 
formed  not  only  into  the  corresponding  ADNTs  but  also  into, 
e.g,,  2,4-dihydroxylamino-6-nitrotoluene  (7,  16).  Recently,  it 
has  been  observed  that  this  metabolite  is  enzymatically  con¬ 
verted  to  2-amino-5-hydroxy-4-hydroxylamino-6-nitrotoluene 
by  a  Clostridium  sp.  strain  (13).  Hence,  HADNTs  and  the  yet 
unidentified  highly  polar  metabolites  described  above  may  play 
an  important  role  in  the  productive  breakdown  of  TNT  (Fig. 
5).  Therefore,  the  possibility  exists  that  the  TNT-enriched 
strain  TNT-8  and  Pseudomonas  sp.  clone  A  (2NT“)  may  utilize 
TNT  as  a  nitrogen  source  via  reductive  metabolism  of  the  nitro 
groups. 

Since  nitrite  release  from  the  H_-picric  acid  complex  has 
been  well  established  (17, 32),  we  have  now  tested  whether  this 
mechanism  also  operates  with  TNT  in  R  eythropolis  HL  PM-1 
and  Mycobacterium  sp.  HL  4-NT-l.  These  organisms  cannot 
utilize  TNT  as  a  nitrogen  source  but  do  form  the  H_-TNT 
(described  here  for  the  first  time  as  the  C-4  protonated  form) 
complex.  This  complex,  however,  is  further  reduced  to  a  yellow 
metabolite  which  has  been  identified  by  its  spectroscopic  data 
as  the  protonated  3,5-dihydride  complex  of  TNT  (2H“-TNT) 
(Fig.  5).  Unlike  the  H_-picric  acid  complex,  the  corresponding 
TNT  complex  undergoes  neither  nitrite  elimination  nor  rearo- 
matization  to  2,4-  or  2,6-dinitrotoluene  under  physiological 
conditions.  Successive  transfer  of  two  hydride  ions  instead  of 
only  one  is  observed  also  with  picric  acid  (17).  This  route  of 
dihydride  complex  formation  is  unproductive  for  the  catabo¬ 
lism  of  both  TNT  and  picric  acid.  The  productive  degradation 
of  picric  acid  is  characterized  by  the  fact  that  reduction  of  nitro 
groups,  which  in  the  case  of  TNT  gives  rise  to  extensive  met¬ 
abolic  misrouting,  does  not  occur  with  picric  acid  in  R  eiyth- 
ropolis  HL  PM-1. 
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